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Introduction

- Lattice calculation very interesting and useful

e Probe equilibrium QCD gauge field configurations with a

—

uniform B

e Calculate electric charge separation, and dependence on
external B, T, mq, x SB...

- Moscow group [Phys.Rev.D80:054503,2009]

- UConn group [PoS (2009) arXiv:0911.1348]



Charge separation (chiral magnetic effect)

2 - —
In general p = #V@ . B

Take 6 static, non-zero
only between domain-walls
( “parallel-plate capacitor”)

“Plates” are charged, with
charge density +¢20B /27?2

q2
E=0——RB
Qg2

(Kharzeev, arXiv:0906:2808;
Kharzeev and Zhitnitsky, 2006)



Zero Modes of p
Useful to work with low modes of the Dirac operator.

Physical picture: B polarizes the zero mode(s) associated with
the instanton (quark and anti-quark)

Spectral decomposition of Dirac operator
D +m)py = G+ m)p)

f
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P+mt = 3

Calculate eigenvectors of hermitian Domain Wall Fermion
operator instead, v5s(P + m). Zero modes are the same.



Contribution to charge density
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Yy, IS eigen-vector of hermitian Dirac operator

contribution to p = 0 for an exact chiral zero-mode, so in pres-
ence of B, zero-mode — near-zero mode



Domain wall fermions (aside)
Kaplan (1992), reformulated for QCD by Shamir (1993)
Chiral fermions on the lattice at non-zero lattice spacing
By adding extra-fifth direction for fermions
Chiral zero modes stuck to boundary
Finite size of extra dimension Ls — explicit x SB

Small additive quark mass, mres (draw picture)



Classical instanton (-like solution)

Put classical, topological charge = 1, instanton on lattice
Chen, et al, PRD59 (1999)

3
: ‘ LTy
A, = —i PN
" jgl 22+ p?
r
p(r) = po (1~ ——)O(rmax — 1)
T'max

Smoothly cutoff instanton as r — rmax < L/2.

Lattice artifacts and (anti-)periodic boundary conditions have
significant effects



Boundary Conditions in presence of uniform B [Al-Hashimi, Weise (2008)]
In infinite volume for B = Bz (z dir), Ay = Bx

On torus, BC's in x-y directions are

Ax(xay)7 Ay(ﬂ*j + Lil?ay) — Ay(:ﬂ,y) + BLy
Aaf(xay)a Ay(xay"‘Ly) — Ay(may)

A:L’(ﬂ? + any)

To respect gauge invariance, fermion fields must be gauge-transformed:

which implies eBLyLy = e®Pp = 2mnge, Mmagnetic flux must be
quantized on torus!



Classical instanton (-like solution)

8% lattice, pg = 10, rmaz = 3

DB: top.dat.vtk DB: top.dat.vtk
Contour Contour
ar. Var: scalars_t3
- 00001108

Z
user: tblum
Tue Apr 27 14:49:35 2010

“peeled” view



Classical instanton (-like solution)

vslo) = £[vo) (Yolvs|o) = 1 (for zero-modes)
Yslwa) = |[Y_x) (¥_ilysln) =1 (for non-zero-modes)

Same is true for DWF (if myes < 1)

Chirality: <\UZ||_5|\U]> Plot, B, =0
hl
Entries 1024
Mean x 5.613
............................... Mean y 5.613
........................................... RMSx  3.547
............................................................... RMSy 3547
i N J—
084N e
0.6 Nl |
gt N
0.2
0
14
12
10
8
6
4 ) = =17 14
05 2

12 Zero modes (4 are plane waves: SU(2) instanton in SU(3))
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Classical instanton (-like solution)

Magnitude of the zero mode(s), B,=0

DB: mag-right.8.0.vtk
Cycle: 0
c

B: mag-right.9.0.vtk
ycle: 0

59 00

Loc. around “instanton” (1) “Lattice-artifact Instanton” (3)
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Classical instanton (-like solution)

DB: mag-left.0.0.vtk DB: mog-leﬂ.] .0.vik
| Cycle:

more “lattice-artifact zero-modes” (4 of them)

14344 (44 plane waves) = 12 zero modes
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Classical instanton (-like solution)

Apply magnetic field B, in z-direction

B, = 0.0981748 (ne = 1)

hl

hl

Entries 1024
Mean x 5.613
Mean y 5.613
RMS x 3.547

Entries
Mean x
Mean y
RMS x

1024
6.642
6.642
4.252
4.252

“N\|RMSy __ 3.547

RMS y

Only 4 Zero modes! (2 are plane waves)
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Classical instanton (-like solution)

Magnitude of the zero mode,

B, = 0.0981748 (ne = 1)

Charge separation!
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Classical instanton (-like solution)

Degeneracy of Landau levels goes like ng:

B, = 0.19635 (ne = 2) B, = 0.294524 (ng = 3)

hl hl
Entries 1024 Entries 1024

Mean x 6.606 Mean x 6.504

----------------------------------------- Mean y 6.606 L\ Mean y 6.504
.................................................... ~. N RMS x 3.951 e 4033
.................................. ) - 3.951 N "] [RMS y 4.033

8 Zero modes (4 plane waves) 12 Zero modes (6 plane waves)

and so on...
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Classical instanton (-like solution) Put it all together.
It works...

0.1+ —]

charge

-0.21- —

Il Il Il Il Il Il Il
0 0.2 04

Charge in top (z-)half of lattice from near-zero-modes.
Dividing in X, y, or t gives zero, effect flips sign under B, — — B,
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QCD4QED Lattice Simulations

- Non-zero temperature QCD+4+QED simulations, T ~ T¢

- Nr =38, 163 N;=2+41, DWF (RBC+LLNL). Eventually 1+1+1
- Couple sea quarks to QCD and QED

- Include external magnetic field B in dynamical evolution

- Work in fized topological sector(s)

e use the DSDR method (Vranas, JLQCD, RBQC)
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Topological Charge History

@ from 5li method of de Forcrand, et al., APE smearing

10

topological charge
o

B :

: Start with AuxDet =1
(e = ¢ = 0.5), gradu-
j ally reduce e to 107°

241 flavors, Ny =8, T ~ 1,

-20 E Loy v vy 0 Ly vy 0 [ R R A R .

800
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DB: top.vtk

Top. charge and low eigen-modes

DB: mag—right.eigAZO.eigO.BxOByOBzO.ka
Cycle:

Low eigen-modes
correlated with
instantons

APE smeared,
“S5LI" definition
of . @ =9—-10
(5li) for con-
fig. 420, or 10
from zero-modes
(index)

2 ‘Yzero-modes’,
1 “near-zero
mode”’ shown
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241 flavor QCD

B, = 0 (10 zero modes) B, = 1.22718 (9 zero modes)

hl
Entries 256
Mean x 6.684
.......... -\ Mean y 6.684
1RMS x 4.093
- [RMSy 4.093

256
X 7.302
7.302
X 4.158
4.158

For 10th mode, (W;|[5|W;) ~ 0.999998,0.9998,0.993, 0.823
for B, = 0.490874-1.22718
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Charge density (from zero modes)

DB: i i 42,k BB OR:1 22718k
o

Contour Confour
Var: scalars_t3

Var: scalars_t3

-1.191
-1.508

Max: 1.664
Min: -1.825

M b
Min: 7.821e-09|

user: tblum
Wed Apr 28 14:29:14 2010

user: tblum
Wed Apr 28 14:29:56 2010

Charge separation, but localized around instanton?
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Charge density (from zero modes)

B, = 0.490874,
0.736311
B, = 0.981748,
1.22178
|,0max| — 0002,
0.167, 1.627,

1.825
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Charge separation (from zero modes)
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Chiral symmetry of DWF: Ls = 64

Charge

Charge separation for large B, vary ng = 10 to 50
Depends on Lg (lattice artifact x SB — expensive)
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Charge separation (from zero modes)
How large is large?
a’eB, = 27 /(LgLy)ng
T~T:, soa lx14—-15 GeV (~0.14 fm)
B, ~ 1.5 -2 GeV?
if inst & (1 — 2)a, (L/rinst)? = 16 — 32

quenched studies: (rinst) =~ 0.3 fm
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Summary

e 241 (14141) QCD+QED simulations to investigate chiral magnetic
effect

e Initial results for classical instanton (-like) and QCD(4+QED) configura-
tions show that it really works!

e Investigate paired (near-zero) modes too

e Need T, E, mg SCans

e “Unfreeze” topology (Q) of gauge field (begun)

e Exploit dynamical QED+QCD configurations

e Important for understanding the recent results from RHIC

Calculations done on NY blue and QCDOC supercomputers at Brookhaven
National Lab.

Thanks to Dima Kharzeev for useful discussions and Massimo Di Pierro for
help with 3d plots
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